Studies on the rise of global value chains (GVCs) have attracted a great deal of interest in the recent economics literature. However, due to statistical and methodological challenges, most existing research ignores domestic regional heterogeneity in assessing the impact of joining GVCs. GVCs are supported not only directly by domestic regions that export goods and services to the world market, but also indirectly by other domestic regions that provide parts, components, and intermediate services to final exporting regions. To better understand the nature of a country's position and degree of participation in GVCs, we need to fully examine the role of individual domestic regions. Understanding the domestic components of GVCs is especially important for larger economies such as China, the US, India and Japan, where there may be large variations in economic scale, geography of manufacturing, and development stages at the domestic regional level. This paper proposes a new framework for measuring domestic linkages to global value chains. This framework measures domestic linkages by endogenously embedding a target country's (e.g. China and Japan) domestic interregional input-output tables into the OECD inter-country input-output model. Using this framework, we can more clearly understand how global production is fragmented and extended internationally and domestically.
Introduction
As one of the most useful tools for studying international production networks, inter-country inputoutput (ICIO) tables provide detailed information and thus have been widely used in both economic and environmental analyses (see Miller and Blair, 2009; Murray and Wood, 2010) , especially in areas related to today's global value chains (GVCs) (see WTO-IDE, 2011; OECD-WTO-World Bank, 2014; Koopman et al., 2014 (KWW); and Meng et al., 2015) .
If the focus of analysis is at only the country or inter-country level, the existing ICIO tables may be sufficient. In practice, however, many economic policy needs are at a country's domestic regional level, while linking with the world market. For example, questions like how the 2008 financial crisis damaged the economy of Chinese Guandong province through various channels of GVCs 1 or how the 2011 Great East Japan Earthquake impacted Korea's semiconductor industry through GVCs 2 significantly challenge the existing ICIO approach. The conventional way of using ICIO-based economic models (including computable general equilibrium models) to answer the first question is to first evaluate the inter-country impact and then to conduct a top-down analysis at the domestic regional level. The response to the second question is to first conduct a bottom-up analysis to evaluate the impact of a specific region on the whole country and then to measure the inter-country impact. For both approaches, in the process of evaluating the inter-country impact based on the ICIO table, the target country is treated as a single entry (an economic point), without any information about its domestic regional heterogeneity. Namely, there is implicitly a strong assumption that all domestic regions have the same production function as the national average. This may potentially lead to a large estimation bias in economic analyses for the target country if it has domestic regions with various heterogeneities in terms of regional economic endowments, geographic locations, developmental stages, industrial structures, and foreign independency.
Another example is that, in the U.S., much of the chemical industry is concentrated in the South with large amounts of relatively clean natural gas-fired power plants. What remains of the steel industry is largely concentrated in the Upper Midwestern states, where coal-fired power plants dominate. If we use ICIO to estimate embodied emissions in U.S. exports through domestic supply chains, an overestimation will likely occur for chemical exports, and an underestimation may occur for steel exports if more chemical exports are from the South and more steel exports are from the Upper Midwestern states. This is a crucial issue with the ICIO-type approach, which needs to be carefully treated in both economic and environmental analyses.
One option to overcome this problem is to construct a regionally-extended Inter-country InputOutput Table (REXICIO) table containing the target country's domestic regional information. This can directly provide information about linkages between a target country's domestic production networks and international production networks. Some efforts have been reported in the literature. For example, Meng et al. (2013a) embedded China's domestic inter-regional IO (IRIO) table into the World Input-Output Table ( WIOT) using a linear programing method. Their empirical results show that using the newly extended WIOT can both reduce the estimation discrepancy of China's bilateral trade in value added and also elucidate the position and the degree of participation of China's domestic regions in global value chains which cannot be explicitly measured by using China's domestic IO table or the WIOT in isolation. This new WIOT has also been applied to environmental analysis (see Pei et al., 2015) . Similar works can also be found in Cherubini and Los (2013) , who link Italy's IRIO table to the WIOT, and then illustrate Italy's regional employment patterns in a globalizing world. Also, Dietzenbacher et al. (2013) linked Brazil's IRIO IO table into the WIOT and evaluated the role of Brazilian regions in the global value chain. Another ambitious attempt is to link more countries' domestic IRIO IO tables to existing ICIO tables (see Meng et al. (2013b) and Inomata and Meng (2015) , who links Japan, China, and Korea's domestic IRIO tables into the Asian International IO tables).
The aim of this paper is to develop a more consistent and flexible method for embedding a target country's domestic IRIO table into an existing ICIO table. The existing efforts mentioned above can be considered a good starting point. However, some important problems in the existing works remain unsolved. One is consistency of terms used for valuation in the IO tables. For example, the official WIOT uses basic prices, while China's IRIO table uses producer prices. Without appropriately adjusting China's IRIO from producer's prices to basic prices in advance, potential discrepancies may arise to some extent in the process of linking these two tables. This is mainly because taxation and transportation margin at the product level may be different across domestic regions or sectors. In addition, the import data in China's IRIO table are at CIF prices, which also should be adjusted before linking with an ICIO table since tariff, import duty, and international transportation margins and insurance may vary across countries of origin at the product level. The other challenge is how to improve the reliability of the target country's regional customs data. These data provide very important information to be used in allocating the international trade flow between the target country's domestic regions and other countries. However, domestic regional customs data may not provide true domestic destination information of imported goods and domestic origin information of exported goods. For example, officially published Japanese regional customs data are based on the reporter's location information rather than that of producer and user locations. Therefore, when using a target country's domestic regional customs data, careful treatment and adjustment should be done in advance. Another problem is the control and evaluation of estimation errors. Meng et al. (2013b) and Satoshi and Meng (2015) use the so-called split method to link target countries' domestic IRIO table with an ICIO table. This method keeps the balance of the existing ICIO column-wise, but without detailed treatments of row-wise estimation discrepancies. Meng et al. (2013a) use a linear programing method to do similar linking work resulting in a balanced ICIO table with a target country's IRIO table embedded. However, the selection of constraint equations in the linear programing method is not unique. In order to get a converged result with the smallest discrepancy level, personal experiences play a very important role in their estimation.
In order to overcome the above limitations, this paper introduces some new variables for adjusting the valuation format between different tables to be linked. We also propose a gravity-type model for improving the reliability of a target country's domestic regional customs data. Furthermore, we suggest using the so-called grid search method to automatically get the best combination of constraints in the linear programing. IO table into an existing  inter-country IO table   2.1 Framework of the regionally-extended inter-country IO table and data configuration For ease of explanation, we consider a two-country case where the target country has two domestic regions and two sectors for each region. The existing data that can be used to construct the REXICIO table for a target country are shown below: 1) The target country's domestic IRIO table with separate import row vector (or matrix) and export column vector (Table 1) . 2) A closed ICIO table including the target country as an endogenous part at basic prices (Table 2). 3) Domestic regional export data by sector and by country of destination at FOB prices and domestic regional import data by sector and by country of origin at the CIF prices from the target country's customs statistics. 4) If the table of item 1) is not at basic prices, then relevant tax, domestic and international transportation margins (including insurance), and tariff information (including import duty and commodity tax) for the target country at both the regional and product level should be available or can be estimated.
How to embed a specific country's domestic interregional
For simplicity, three final demand items (household consumption, government consumption, and capital formation including change of inventory) and one value-added item are considered in the format. The format of the REXICIO table is shown in Table 3 . We can see that the domestic IRIO table of the target country (country 1), has been embedded in an ICIO framework.
The notation used to specify IO-related variables in the paper is given in Table 4 . The country, region, and sector dimension configuration used in this paper are shown below.
For sector: i, j ∈ {1,2, … , ns}, where i and j respectively represent the sectors allocated row-wise and column-wise in an IO table, and ns represents the number of sectors. For country: R, S ∈ {1, 2, … , T, … , G}, where T represents the target country that needs to be embedded in the ICIO table, R and S respectively represent the countries of origin and destination, and G represents the number of countries. For domestic region: r, s ∈ T{1, 2, … , g}, where r and s respectively represent the target country T's domestic regions of origin and destination, and g represents the number of regions. For final demand item: k ∈ {1,2, … , nf}, where nf represents the number of final demand items. For simplicity, we consider only one value-added item. 
In addition, the regional export and import data taken from the customs statistics for trade in goods are further separated into three main categories (intermediate goods, household consumption goods, and capital goods) using the OECD end-use categories (mainly based on the Broad Economic Categories (BEC) defined by the United Nations Statistics Division). The regional export data for services without information about destination country can be obtained from the domestic IRIO 
Determination of initial values for endogenous variables
One important principle in the process of constructing the REXICIO table is use of the existing ICIO table as a control total 3 . Constants in the REXICIO table include x � ij RS , y � ik RS ,X � i R ,V � j S , and Y � k S . For the other parts, we conduct an estimation based on both the structure of the existing IO tables and the regional import-export data from customs statistics.
The initial values for domestic regions of the target country in estimating the REXICIO table can be given from the following equations:
These equations give initial values for the target country's domestic interregional trade in intermediate products (Eq. 1's left side: region r's product i used to produce region s's product j), trade in final products (Eq. 2's left side: region r's product i used to fulfill region s's final demand item k), regional output (Eq. 3), regional value added (Eq. 4), and regional final demand (Eq. 5) in the REXICIO table by using the structure of the existing domestic interregional IO table to distribute the target country's corresponding total value as obtained from the ICIO table.
The initial values for regional imports of the target country by country of origin in the REXICIO table can be tentatively given as follows (R ≠ T, p for goods, q for service): These equations give initial values for the target country's regional imports of intermediate goods (Eq. 6) and services (Eq. 6a) and regional imports of final goods (Eq. 7) and services (Eq. 7a) by country of origin in the REXICIO table by using the structure of the existing customs regional import data and domestic interregional IO table to distribute the target country's corresponding total import value as obtained from the ICIO table. It should be noted that Eqs. 6 and 7 are based on the following respective assumptions: a domestic region's sector that uses more domestic inputs of a specific good may use more of the same type of imported good as well, and a domestic region's final demand item that consumes more of a specific good produced domestically may use more of the same type of imported good as well. In addition, due to the lack of regional import statistics on services by country of origin, we use the structure of regional import statistics on goods as a proxy to estimate the initial value for services (Eqs. 6a and 7a). This means we assume that if more goods are shipped from country R to region s, more services may also imported by region s from country R. In addition, the superscript * gives a proxy when an import matrix is available in the domestic IRIO table, the superscript ** gives a proxy when the assumption used in Eqs. 6 and 7 is supposed to be unreliable and no regional import matrix is available, and the superscript *** gives a proxy when the assumption used in Eqs. 6a* and 7a* is unreliable and only information about regional imports of services are available.
The initial values for regional exports of the target country by country of destination in the REXICIO table are first estimated using the following equations (S ≠ T, p for goods, q for services):
or ∑ ey pk rS r
or These equations give initial values for the target country's regional exports of intermediate goods (Eq. 8) and services (Eq. 8a or 8a*) and regional exports of final goods (Eq. 9) and services (Eq. 9a or 9a*) by country of destination in the REXICIO table by using the structure of the existing customs regional export data to distribute the target country's corresponding total export value as obtained from the IRIO table. When we lack regional export statistics on services by country of destination, we again use the structure of regional export statistics on goods as a proxy to estimate the initial value for services (Eqs. 8a and 9a). This means we assume that if a region exports more goods to a foreign country, it may also export more services to that same country. Another option for this estimation is to use the regional total export of services taken from the existing domestic IRIO table as a proxy (see Eqs. 8a* and 9a*).
Estimation methodology and reconciliation procedure
For ease of estimation, we separate the whole REXICIO table into several blocks (see Table 3 ). The blocks A1 and A2 concerning the domestic interregional transaction of the target country are estimated and balanced by using the following linear programming model. The objective function (F1) in the model is given as 
∑ ∑ x ij
∑ ∑ y ik 
∑ ∑ y ik
The balancing conditions row-wise (row control totals) are given by Eq. Based on this minimization process, the domestic interregional transactions can be estimated with balanced row, column, inter-regional, and inter-industry relationships. The estimation results can then help us to calculate control total figures for other blocks.
The regional imports of the target country by industry and by country of origin in the REXICIO 
The demand-supply balancing conditions row-wise (row control totals) in terms of the target country's regional imports are given by Eq. 23 for intermediate products, and by Eq. 25 for final products. Equations 24 and 26 represent the balancing conditions column-wise (column control total) for the same block. Equations 27 and 28 give the individual cell control inside the transaction blocks for intermediate and final products, respectively. Equations 27a and 28a are the relaxed balancing conditions from Eq. 27 and 28. Note that for Eqs. 22-28a, R ≠ Ct.
Using a method similar to the one above, the regional exports of the target country by sector and by country of destination in the REXICIO table can be estimated as
subject to 
The balancing conditions row-wise (row control totals) in terms of the target country's regional exports are given by Eqs. 
Thus, we have the following linear programming problem for estimating the REXICIO table:
subject to the equation set A (Eqs. 11, 12, 15, 16, (19) (20) (21) (23) (24) (25) (26) (30) (31) (32) (33) (36) (37) (38) and subject to all possible combinations in the equation set B (13, 14, 17, 18, 27, 27a, 28, 28a, 34, 34a, 35, 35a ) using a grid-search method.
The equation set A gives the minimum necessary constrains that can guarantee a solution of the above linear programing with demand-supply equilibria for all rows and columns in the REXICIO table. In other words, when aggregating the target country's interregional parts of the REXICIO table, we can get an ICIO table which is just the original ICIO table under these constrains. However, when just using the equation set A, there is no guarantee that the target function F (Eq. 39) can get the best solution since there are many additional constraints (set B) remaining. Here, we propose a kind of grid-search method to add all possible combinations in set B to solve the above linear programing problem and obtain the minimum F. Note that there are 12 equations in set B, so the possible number of combinations is C 12 1 +C 12 2 + ⋯ + C 12 12 = 4095.
3 An application of the regionally-extended ICIO table in tracing value added in gross exports for both domestic and global value chains
Measuring bilateral trade in value added
In a closed international IO framework (for simplicity, number of countries = G, number of sectors = N, number of final demand items = 1, number of value added items = 1), the world's total GDP can be given as
where 
When applying the above TiVA concept to our REXICIO table, the region-by-region, region-by-country, and country-by-region value-added exports can be easily measured. This can help us understand how value added is created across both regional and national borders.
Tracing value added in gross exports for both domestic and global value chains
To illustrate the performance of a country's domestic regions in GVCs, we apply the KWW gross export decomposition method to our REXICIO system. Using this method, we can see how GVCs are fragmented and extended inside a specific country.
The KWW decomposition method is shown in Figure 1 . A country's total exports in gross terms can be decomposed into three parts: value-added exports (VT), domestic content in intermediate exports that ultimately return home (VS1*), and foreign content (VS). Every part at this stage can be further decomposed into three more parts. VT yields (1) When using the notation in terms of IO techniques, the KWW decomposition method in an international IO system with n sectors and G countries can be given as follows:
(42) Here, u is a row vector of 1's, E s represents country S's export by sector, and V s is the diagonal matrix as constructed by country S's sectoral value-added rate (non-diagonal elements are given by 0). B SR is the submatrix of the international Leontief inverse representing the induced output by way of international production networks in country S when there is a single-unit increase in final demand in country R. Y SR represents country R's final demand for goods and services produced in country S. A RS is the international intermediate input coefficient representing the amount, by sector, of intermediate inputs (imports) coming from country R when country S produces one unit of output.
Since the REXICIO table includes both domestic regions and foreign countries, we must distinguish between these dimensions in our notation. For simplicity we use R, S, and T to represent countries and r, s, and t to represent domestic regions. In the REXICIO system the number of countries is given by G and the number of regions by g. When focusing on the decomposition of VT as shown above and using the notation shown for country and region, the extended decomposition incorporating a country's domestic regions into an inter-country IO system can be given as follows:
.
Here, VT s* represents region s's value-added exports and outflows. In particular, outflows mean domestic trade flows across regions. The first term on the right side of Eq. 43 represents region s's value-added outflow in GVCs by domestic segment. This term includes three parts. The first represents region s's value added in direct final goods outflow; the second shows region s's value added in intermediate outflows absorbed by direct domestic demander, and the third is region s's value added in intermediates re-shipped to third domestic regions. The second term on the right side of Eq. 43 represents region s's value added in intermediates re-shipped to third domestic regions by way of international segments of GVCs. The third term represents region s's value-added exports by way of international segments of GVCs. This term can be further separated into two parts. The first is region s's value added in intermediates exports absorbed by direct international importers, and the second is region s's value added in intermediates re-exported to third countries. The final term on the right side of Eq. 43 shows region s's value-added exports by way of domestic segments of GVCs. The first part in this term represents region s's value added in direct final goods exports, and the second represents region s's value added in intermediates re-exported to third countries.
Using the extended KWW decomposition technique in an REXICIO framework, the measurement of GVCs can be divided into international and domestic segments. This framework can help us 
only domestic regions, we consider the value added induced by this block matrix to be achieved by the domestic segment of GVCs. For the other block matrices in which a country notation such as R, S, or T are involved, we consider the value added induced by these block matrices to come through the international segment of GVCs.
However, B sr may not exactly represent a pure domestic segment of GVCs, since this inter-regional block matrix (B sr ) is obtained from the large matrix of the Leontief inverse based on the extended Miller and Blair, 1985) between the domestic and international segments in GVCs. Using this definition, we can rewrite Eq. 43 in the following form: (44) The first row of the equation shows the value-added outflow achieved by the pure domestic segment of GVCs (VOD) in region s. The second row shows region s's value-added outflow by way of the pure international segment of GVCs (VOI). The third row represents region s's value-added exports through the pure international segment of GVCs (VED), while the final row shows region s's value-added exports by way of the pure domestic segment of GVCs (VEI). A detailed description of each part is given in Figure 2 . 
Data used
We use the following data to embed China and Japan's domestic IRIO data into the OECD ICIO framework: 1) China's domestic interregional IO (CIRIO) Fortunately, the value-added data and final demand data by industry for Tibet can be obtained from officially published statistics. This information has been added to the southwest region in order to keep consistency with the officially published national value added and final demand information when doing the final balancing work (total inputs should equal total outputs by sector) for the whole inter-regional IO 4 . This table covers 9 domestic regions with 53 sector classifications at the producer's price. Note that the import information is a stand-alone column vector in the JIRIO table, not a separate matrix (the information of imports by product is available, but no information about how many imported products are used in which industry). To get the transaction flow of pure domestic products across sectors and regions, we use the following method to remove the imported parts from current transaction flows in the JIRIO table. In practice, when converting a competitive-type national IO table (an IO table without a separated import matrix) into non-competitive-type IO table (an IO table with a separated import matrix), a useful but sometimes rough "same proportion assumption" is always conducted. Distributing the total import row-wise by using the proportion (intermediate input/row sum of intermediate inputs) in a competitive-type IO table allows the import matrix to be easily estimated. The assumption is that there is no difference between the distribution share of domestic intermediate goods and imported intermediate goods across sectors.
The OECD ICIO tables consist of a time series of international IO data for 62 countries and regions and 34 industries at the basic price. In our exercise, we use the 2005 and 2007 OECD table as our control total for Japan and China, respectively. Again, for simplicity in this exercise, we aggregate the OECD ICIO table from a 62-country, 34-industry table to a table with 5 country groups (China, Japan, U.S., EU, and the rest of the world) and 8 industries.
The Chinese regional customs data cover 31 domestic provinces (based on the statistics from more than 400 regional customs offices). The Japanese regional customs data cover 148 customs offices located in different provinces 5 . We use the OECD end-use category for commodity classification to rearrange the Harmonized System eight-digit customs import and export data into three categories: intermediate products, consumption products, and capital products. This information will help to more reliably split China and Japan's regional import and export data by country of origin and destination in the estimation process of the REXICIO tables. For detailed country, region, and sector classifications used in this paper, please refer to Appendices 1 and 2.
5 Application examples 5.1 China and Japan's regional value-added export by country/region of destination To investigate details of the bilateral structure of China and Japan's regional export of value added respectively, we calculate the share of value-added exports of a specific destination by country/region using both gross exports and value-added-based measures. From Figure 3 .1, we can see a significant difference for China's central region. This result implies that the central region does not directly export a great deal to foreign countries in terms of gross exports, but that it can participate in GVCs by providing intermediate products to coastal regions, thereby exporting more value added overseas. Thus, China's coastal regions have been an important bridge linking GVCs and China's domestic value chains. Through this linkage, the inland regions can take part in GVCs indirectly by providing support to the coastal regions' domestic value chains, even though the inland regions may not have an advantage in accessibility to overseas markets when compared with the coastal regions. A similar situation can be observed for Japan's Tohoku region, as shown in Figure  3 .2. Namely, the degree of Japan Tohoku's participation in GVCs is much higher than commonly thought since Tohoku's value added may be indirectly exported to foreign countries through providing parts and components to one of its downstream region (e.g. Kanto), which further performs processing and exports. 
GVC participation by various routes
As shown in Fig. 2 , regional outflows and exports of value added can be further decomposed into four parts according to the route, or segment, of GVCs. Based on calculations using the newly constructed REXICIO table, we show these four parts in Figure 4 .1 for the Chinese case. Clearly China's regional outflows of value added are mainly achieved through the domestic segment of GVCs (VOD), especially for inland regions. Because of the export-oriented nature of the China Coast region, its domestic segment accounts for just 27% of its total GVCs. Regional outflows of value added created in the international segment of GVCs (VOI) are extremely small for all regions. For example, the value added induced in China's Guandong province when a household in Shanghai consumes final products produced in the United States should be very small. The main reasons are 1) Chinese regional demand for foreign final products is still low; 2) given the large domestic production capacity and the relatively low price of final goods, most final demand can be satisfied through domestic supply; and 3) China's regional (Guandong) demand for foreign (U.S.) products can induce foreign (U.S.) production to some extent. However, when foreign countries (U.S.) produce final goods to satisfy Chinese regional demand, they may not require intermediate goods from other Chinese regions (Shanghai). The feedback effect caused by domestic demand for foreign goods that return to other Chinese regions through the international segment of GVCs is therefore very small. However, when looking at regional value-added exports, we can see that there is not a large difference between the international (VEI) and domestic (VED) segment for all regions in comparison with the difference between VOD and VOI. China's inland regions seem to export value added mainly through the international segment of GVCs, while China Coast exports value added through the domestic segment of GVCs. This is not surprising if we recall the definition of VED (Eq. 44). China Coast participates in GVCs mainly by providing final products directly to the world market, whereas China's inland regions join GVCs mainly by providing intermediate products to foreign suppliers. VOD: Regional value-added outflow through the pure domestic segment of GVCs VOI: Regional value-added outflow through the pure international segment of GVCs VEI: Regional value-added exports through the pure domestic segment of GVCs VED: Regional value-added exports through the pure international segment of GVCs Compared to the above Chinese case, the majority of Japan's regional value-added flow goes to other domestic regions rather than to foreign countries (see Fig. 4.2) . A similar phenomenon is that the participation of Japanese regions in GVCs also highly relies on the domestic routes. In addition, following Fig. 2 , the above four parts can be further separated into more detailed descriptions, as shown in Appendix 3.
Conclusion and discussion
The existing IO-based measurements for GVCs treat countries as the minimum unit or target. This is sufficient only if we are studying the country-to-country relationship in GVCs. However, given rapid deepening and spreading of globalization in terms of reduction of various trade costs, a country's territory has become less and less relevant for firms that take part in GVCs. The difference between one country and another in terms of territory has become less important, since GVCs can be fragmented and extended not only at the international level, but also at the domestic regional level. In fact, even if a domestic region does not engage in much direct trade with foreign countries, it can nonetheless be an important supporting player of global production networks by providing parts, components, and intermediate services to more export-oriented regions.
To better understand the linkage between domestic value chains and GVCs, the information provided by the conventional inter-country IO tables is insufficient, as these tables completely ignore the regional heterogeneity inside a target country. This paper proposed a new IO framework, the regionally-extended inter-country IO table in which a country's domestic interregional IO table is consistently embedded into an inter-country IO table. As an exercise, we used China and Japan's interregional IO tables, the OECD inter-country IO tables, and China and Japan's regional customs statistics to compile the regionally-extended inter-country IO table.
To examine the validity and usefulness of this new approach, we applied an extension of the KWW gross export decomposition method to the extended tables. Most empirical results shown in the previous section helped us better understand how global production is fragmented and extended across China and Japan's domestic regions, as well as how value added is created and distributed in 
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